Strigolactones (SLs) were originally isolated from plant root exudates as germination stimulants for root parasitic plants of the family Orobanchaceae, including witchweeds (Striga spp.), broomrapes (Orobanche and Phelipanche spp.), and Alectra spp., and so were regarded as detrimental to the producing plants. Their role as indispensable chemical signals for root colonization by symbiotic arbuscular mycorrhizal fungi was subsequently unveiled, and SLs then became recognized as beneficial plant metabolites. In addition to these functions in the rhizosphere, it has been recently shown that SLs or their metabolites are a novel class of plant hormones that inhibit shoot branching. Furthermore, SLs are suggested to have other biological functions in rhizosphere communications and in plant growth and development.
INTRODUCTION
Plants produce and release various chemicals, as well as primary and secondary metabolites, into their environment. Abiotic and biotic stresses affect the compositions and amounts of these compounds by promoting or suppressing their biosynthesis and/or efflux. For example, plants attacked by an herbivore may emit a special blend of volatile compounds, called herbivore-induced volatiles (HIV) , that attract a specific natural enemy of the herbivore (31, 122) . Simultaneously, the damaged plant releases the plant hormones ethylene, jasmonate, and salicylate, which induce systemic resistance in other parts of the plant and also in nearby plants (113) . Similar tritrophic interactions have been observed for below-ground parts of plants (37, 50, 129) . Because some of these chemicals are released only in very low quantities and disappear rapidly because of instability in the environment, their broader contributions to the communications between plants and other organisms have not been unveiled until recently. It is likely that many of the key chemical players in plant-plant, plant-microbe, and plant-insect chemical communications are as yet unidentified. New highly sensitive analytical methods need to be developed in order to identify these hidden signaling molecules and to enable understanding of their modes of action. Strigolactones (SLs) are typical examples of such signaling molecules; plants release only very small amounts of SLs into the soil, and these molecules decompose rapidly in the rhizosphere.
SLs can only be analyzed and quantified using recently developed highly sensitive mass spectrometry methods and were originally isolated as germination stimulants for seeds of parasitic weeds of the family Orobanchaceae (29) . Therefore these compounds were regarded as harmful secondary metabolites, in that they were detrimental to the producing plant. They were subsequently shown to serve as indispensable chemical signals for root colonization by symbiotic arbuscular mycorrhizal (AM) fungi and so became recognized as beneficial plant metabolites (4) . In addition to the function of SLs in the rhizosphere, recent experiments have demonstrated that SLs or their metabolites serve as important plant hormones that are involved in the control of shoot branching (46, 128) .
Furthermore, there is a growing belief that SLs may have other important biological functions in rhizosphere communications and in plant growth and development (56, 117) .
GERMINATION STIMULANTS FOR ROOT PARASITIC PLANTS: THE DISCOVERY OF STRIGOLACTONES

Root Parasitic Plants
Approximately 1% of angiosperms (i.e., approximately 3500-4000 species) are hemiparasitic or holoparasitic plants and so depend on host plants for the supply of part or all of their needs in terms of water, minerals, and photosynthates (93) . It is likely that parasitic plants also utilize other host-derived materials, including secondary metabolites, all obtained via a haustorium, the connecting organ between the parasite and its host. Clear differences in the chemical composition of xylem and phloem sap between the parasites and their hosts have been found, indicating that the parasites not only regulate the supply of nutrients from the host but also produce their own materials that are indispensable for their growth and development (119) . For example, herbicides that inhibit amino acid biosynthesis such as glyphosate (90) , an inhibitor of aromatic amino acid biosynthesis, and sulfonylureas and imidazolinones (1, 49) , inhibitors of branched chain amino acid biosynthesis, effectively control these parasites at relatively low application rates, indicating that the parasites need to synthesize some of their own amino acids.
Depending on the site of attachment, parasitic plants are divided into two groups: stem and root parasites. Stem parasites include mistletoes (e.g., Viscum spp.) and dodders (Cuscuta spp.). In general, the seedlings of these parasites can attach to any plant species, but only when the holoparasites meet compatible hosts can they survive and complete their life cycles. Although Cuscuta seedlings utilize host-derived volatile compounds to locate a preferred host (105) , the seeds of these stem parasites germinate irrespective of the presence of hosts nearby.
The other group of parasitic plants, the root parasites, attach to the roots of host plants (52, 87) . They spend most of their life cycle underground and develop flowering stems above ground. Among root parasites, witchweeds (Striga spp.), broomrapes (Orobanche and Phelipanche spp.), and Alectra of the family Orobanchaceae cause significant losses to agricultural production all over the world. Striga spp. are hemiparasites that parasitize important food crops such as sorghum, maize, millet, and rice. They have functional chloroplasts, but their photosynthates provide only part of the energy required for survival, therefore they are regarded as obligate parasites. Striga gesnerioides, which parasitizes cowpea and other legumes, is an exception because its photosynthetic activity is barely detectable, and thus it is classified as a holoparasite (32) . Recent figures suggest that 50 million hectares of crop fields in sub-Saharan Africa are infested by Striga with annual losses of 10 billion dollars (34) . Alectra vogelii causes considerable yield losses of grain legume crops, particularly cowpea, throughout semiarid areas of sub-Saharan Africa (52) .
Orobanche and Phelipanche spp. are holoparasites that lack chlorophylls. They parasitize dicotyledonous crops including tomato, tobacco, carrot, clovers, cucumber, sunflower, and legumes. The areas threatened by Orobanche and Phelipanche, as estimated in 1991, are 16 million hectares in the Mediterranean and West Asia (95) . Excellent reviews on the biology (87), physiology and biochemistry (119) , and biology and management (52) of these root parasites have been published. Although extensive work has been carried out on the biology, biochemistry, genetics, ecology, and physiology of Striga and Orobanche (syn. Phelipanche), the most damaging parasitic weed species worldwide, their survival strategies, including host recognition mechanisms, remain elusive.
In contrast to stem parasites, the life cycles of weedy root parasites are closely associated with those of their host plants (Figure 1) . The initial step of such host-parasite interactions can be observed in the seed germination (53) . The seeds, however, will not germinate unless they are exposed to chemical stimuli by germination stimulants produced by and released from plant roots. The majority of the stimulants that have so far been identified are SLs.
Germination Stimulants: Identification of Strigolactones and Their Chemical Analysis
So far all natural SLs (Figure 2) were first identified from root exudates. Prior to the identification of SLs, it was well known that a host root in close vicinity induced seed germination of root parasitic plants. For example, Vaucher in 1823 reported that Orobanche seeds needed stimulants from the host to germinate (130) . In the early twentieth century, several reports suggested the involvement of host root-derived chemicals in seed germination stimulation. From the late 1940s to the early 1950s, Brown et al. examined various plant species for the production of germination stimulants for Orobanche and Striga seeds, and indeed, most of the examined plants were found to produce germination stimulants (24, 25) . They partially purified the active compounds and predicted that these compounds would contain lactone groups because they were relatively stable in weakly acidic solutions but instable in alkaline solutions (23) .
In 1966, strigol and strigyl acetate were isolated as the first Striga germination stimulants from root exudates of cotton (Gossypium hirsutum L.), a nonhost of Striga (29, 30) . Strigol was then also identified in the root exudates of genuine Striga hosts, sorghum [Sorghum bicolor (L.) Moench], maize (Zea mays L.), and common millet (Panicum miliaceum L.) (111) . Therefore, not only host plants but also (27) . As predicted by Brown et al., the germination stimulants, SLs, contain lactone groups. Isolation of orobanchol (83, 141) , the first Orobanche germination stimulant from root exudates of red clover (Trifolium pratense L.), a host of Orobanche minor, clearly demonstrated that both Striga and Orobanche spp. utilize SLs as germination cues. Red clover also produces alectrol and a putative didehydro-orobanchol isomer. Recently, alectrol was identified as orobanchyl acetate (140) . The first proposed structure for alectrol (Figure 2) was an isomer of strigol as it gave an ion at m/z 346 that was incorrectly assigned to be the molecular ion [M] + in electron impact ionization mass spectrometry (EI-MS 
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Structures of natural strigolactones and the synthetic analog GR24, and the structure originally proposed for alectrol (=orobanchyl acetate).
LC-MS/MS: liquid chromatographytandem mass spectrometry
Multiple reaction monitoring (MRM): highly sensitive detection method using a tandem mass spectrometer spectroscopic comparison with orobanchyl acetate prepared from orobanchol.
As is evident in this structural determination of alectrol, recent advancements in chromatography and spectroscopy have fueled isolation and identification of novel SLs. In particular, the development of qualitative and quantitative analytical methods for SLs by liquid chromatography connected to tandem mass spectrometry (LC-MS/MS) allows a rapid search for novel SLs in root exudates from various plant species (107, 108 (136) and tomato (Solanum lycopersicum L.) (72) .
In 2005, 5-deoxystrigol was isolated from Lotus japonicus L. root exudates as a branching factor for AM fungi (2-4). This is the simplest SL without hydroxyl, acetyloxyl, or other oxygen atoms containing substituents on the A and B rings and therefore is proposed to be the common precursor of other SLs. Indeed, 5-deoxystrigol was found to be distributed widely in the plant kingdom and detected in root exudates from both monocots (6) and dicots (145) .
Two unique SLs, 2 -epiorobanchol and solanacol were isolated from tobacco root www.annualreviews.org • The Strigolactone Storyexudates (136) . 2 -Epiorobanchol was the first 2 -epi-SL and solanacol the first containing a phenyl ring. Sorgomol, an isomer of strigol, was first found in sorghum and maize root exudates (6, 139) and then detected in Chinese milk vetch (Astragalus sinicus L.) and white lupin (Lupinus albus L.) root exudates (145). 7-Oxo-, 7α-, and 7β-hydroxyorobanchol and their acetates were purified from root exudates of flax (Linum usitatissimum L.) (138) and cucumber (Cucumis sativus L.) (X. Xie, unpublished data). Fabacyl acetate (137), one of the major SLs in garden pea (Pisum sativum L.), is a unique SL because it carries an epoxide group, and the configuration of rings ABC is opposite to that of other characterized SLs such as strigol and orobanchol. In addition to these SLs, several novel SLs have also been isolated from a variety of plant species but still remain to be identified (146).
5-Deoxystrigol: The Common Precursor of Various Strigolactones
All of these natural SLs contain a tricyclic lactone (ABC part) that connects via an enol ether bridge to a butenolide group (D ring). These compounds have one or two methyl groups on the A ring and one or more hydroxyl or acetyloxyl groups in the A/B ring moiety.
As mentioned earlier, 5-deoxystrigol is thought to be the common precursor of these SLs (100, 148 ). An allylic hydroxylation of 5-deoxystrigol leads to strigol or orobanchol, and the third monohydroxy-SL, sorgomol, is produced by hydroxylation on the homoallylic position. These hydroxy-SLs are acetylated, and conjugations with sugars and amino acids may also occur. Further oxidation of the hydroxymethyl group of sorgomol and the subsequent decarboxylation yields sorgolactone (Figure 3) .
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Figure 3
Conversion of 5-deoxystrigol to other strigolactones. Stereochemical structures are not provided, as all possible stereoisomers may be produced in plants. Hydroxy-strigolactones may be acetylated or conjugated with sugars and amino acids.
A homoallylic hydroxylation of orobanchol and orobanchyl acetate leads to 7α-and 7β-hydroxyorobanchol and their acetates. These are oxidized to 7-oxo derivatives or alternatively dehydration, and migration of the methyl group can result in the formation of didehydro-orobanchol derivatives whose structures have not yet been confirmed. These didehydro-orobanchol derivatives may then be converted to solanacol through a similar sequence of reactions. The structure of solanacol was revised recently (123) as shown in Figure 2 .
Among the three hydroxy-SLs, orobanchol appears to be distributed most widely in the plant kingdom. In addition, various SLs that may be derived from orobanchol have been isolated as described above.
All the natural SLs isolated before 2006 have the 2 -(R) stereochemistry. It was thus a surprise that 2 -epiorobanchol was isolated from tobacco (Figure 2) . Furthermore, fabacyl acetate, the first ent-SL was found in pea root exudates from which neither ent-2 -epi-5-deoxystrigol nor ent-2 -epiorobanchol, putative precursors of fabacyl acetate, were detected. One of the major SLs in rice plants (Oryza sativa cv. Nipponbare) is 2 -epi-5-deoxystrigol but orobanchol has also been detected (K. Yoneyama, unpublished data), indicating that rice can produce both 2 -epimers. These results suggest that the coupling of the D ring to the ABC part may not be a stereoselective process and that only one epimer might be released to the rhizosphere.
SL profiling of Fabaceae plants suggests that members of this genus produce various SLs at highly variable levels so that only some of these molecules can be detected in root exudates and in plant tissues (145) . Sorgomol and orobanchyl acetate, but not orobanchol, were detected in the root exudate of white lupin. Because orobanchyl acetate appears to be formed by the acetylation of orobanchol, it is likely that white lupin produces both orobanchol and its precursor 5-deoxystrigol. Therefore, the conversion of 5-deoxystrigol to orobanchyl acetate via orobanchol would proceed quickly in this plant. By contrast, conversion of sorgomol to sorgolactone or sorgomyl acetate seems to be slow.
Although precise data have not yet been published, we have already confirmed that trees (e.g., Pinus spp. and Eucalyptus spp.) and a moss (Physcomitrella patens) also produce SLs (K. Akiyama & X. Xie, unpublished data). Therefore, SLs are distributed more widely in the plant kingdom than once expected, and it is likely that many novel SLs remain to be characterized. Because plants produce SLs in extremely low quantities, and they are unstable during the purification process, purification and structural determination of these novel SLs may not be straightforward.
Two germination stimulants, peagol and peagoldione (36) , which are structurally related to SLs, have recently been identified in pea root exudates (Figure 4) . Peagoldione was found to be active on Phelipanche aegyptiaca seeds (syn. Orobanche aegyptiaca), and peagol was also active on seeds of Orobanche foetida.
Other Germination Stimulants
Among various plant secondary metabolites that have been shown to induce seed germination of root parasites, SLs are the most active, inducing germination at 10 −7 to 10 −15 M (51, 87, 119). However, seeds of some root parasites were also found to respond to other substances that are structurally distinct from SLs ( Figure 4) . Dihydrosorgoleone was identified from sorghum root exudates as germination stimulant for Striga (28) . Although it was rapidly oxidized to the phytotoxic sorgoleone, resorcinol derivatives present in the root exudates delay the oxidation and thus enhance the activity (74) . Guaianolide sesquiterpene lactones including dehydrocostuslactone, which are widespread in plant tissues of the Asteraceae, are active as germination stimulants for Orobanche cumana Wallr. (sunflower broomrape) but not for other Orobanche and Phelipanche species (41) . The introduction of a second lactone moiety to these sesquiterpene lactones, guaianestrigolactones (77) , renders them active against other Orobanche and
Figure 4
Strigolactone-like metabolites, peagol and peagoldione, identified from pea root exudates as germination stimulants. (135) . These compounds are generally less active than SLs in germination stimulation. In addition to these plant metabolites, the plant hormone jasmonate (142) and the fungal metabolites fusicoccins, cotylenins, and ophiobolins were shown to induce parasite seed germination (35, 38, 143) . Because ethylene elicits Striga and some Orobanche (Phelipanche) seed germination (8, 68, 120) , ethylene precursors methionine and 1-aminocyclopropanecarboxylate (ACC) are also effective as germination stimulants for these species. Ethylene may be the internal switch for the events leading to Striga germination because exposure to SLs stimulates ethylene biosynthesis in Striga seeds (8, 9, 120) . Therefore, ethylene-producing microorganisms may be used to elicit suicidal germination of these root parasites, i.e., germination in the absence of host plants, which has been suggested as a potential way to reduce seed bank of these parasitic weeds in agricultural fields (7, 12) .
STRIGOLACTONES AS BRANCHING FACTORS FOR ARBUSCULAR MYCORRHIZAL FUNGI Branching Factors for AM Fungi
An interesting question arose around why plants exude SLs that enable them to be located by their enemies. Therefore, it was suggested that these compounds may have other roles that outweigh the potential risks of parasitism. Such a beneficial role of SLs was unveiled through the discovery that these compounds function as branching factors for symbiotic AM fungi, from which the plants benefit (2-4).
AM fungi are soilborne microorganisms that form symbiotic associations with the majority of land plants (114) . These fungi penetrate and colonize plant roots, where they develop highly branched structures called arbuscules, which are the sites of nutrient exchange. The fungi supply their hosts with water and nutrients, primarily phosphate and nitrogen that are obtained through the hyphae that reside outside in the soil, and in turn the AM fungi receive photosynthates from their host plants. AM symbioses are the most common and widespread symbioses on earth and evolved 460 mya. The evolution of this synergism is believed to have played an important role in land colonization by plants (101, 103, 112) . AM symbiosis also renders the plant more tolerant to biotic and abiotic stresses (47, 66, 98, 104) .
The symbiotic interaction between plants and the AM fungi is initiated by mutual exchange of signaling molecules (85) . Despite the importance of AM symbioses in both agricultural and natural ecosystems, the obligatory biotrophic nature of AM fungi have hampered the detailed analysis of these interactions.
Under appropriate temperature conditions, the spores of AM fungi germinate, and their hyphae elongate to a limited extent (11, 84) . If a host root is not present, the hyphae stop growing and become quiescent. In the presence of host roots, AM hyphae differentiate into specific morphological structures characterized by extensive branching (26, 44) ( Figure 5 ). This can be observed without direct contact between the host roots and the fungi, and host root exudates alone are sufficient to induce hyphal branching (45) . The host root-derived signals for hyphal branching were termed branching factors (BFs) (26, 45, 89) . The BF from common basil (Ocimum basilicum) roots was diffusible through dialysis membrane with molecular weight less than 500 Da (45) . The development of an in vitro bioassay for hyphal branching in germinating spores of the genus Gigaspora (88) made it possible to show that BFs are distributed widely in the plant kingdom and are present in root exudates of mycotrophic plants but absent in those of nonhosts (26, 45, 89) . BF could be partitioned into ethyl acetate (26) and retained on C 18 reverse-phase resin (89) , suggesting that BF is a lipophilic compound. Chromatographic separation coupled with in vitro bioassay indicated that host plants produced several BFs (89) .
As a result of the well-known contribution of flavonoids in the rhizobium-legume interactions, flavonoids were first examined as possible candidates for BFs. However, maize mutants deficient in chalcone synthase exhibited normal AM colonization rate (10), and their root exudates showed comparative branching activity to those of the wild type (26 Hyphal branching induced by fabacyl acetate (100 pg/disc) (Images provided by K. Akiyama).
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Myc factors: factors produced by AM fungi, perceived by host roots and necessary for a successful mycorrhizal symbiosis of the model legume L. japonicus (4) . In addition to 5-deoxystrigol, sorgolactone, strigol, and a synthetic analog GR24 were found to induce hyphal branching at subnanogram levels in germinating spores of the AM fungus Gigaspora margarita (2-4). Then, Besserer et al. detected sorgolactone in the active BF fraction from a monocot plant, sorghum (15) . They showed that BF from hairy root cultures of carrot (Daucus carota L.) induced not only hyphal branching of AM fungi but also germination of Orobanche seeds. In addition, among the known germination stimulants for root parasitic plants, GR24, parthenolide, artemisinin, and dihydrosorgoleone, only GR24 induced hyphal branching of Gigaspora rosea. Similar to the BF in carrot hairy roots, GR24 and another synthetic analog, GR7, were active on the phylogenetically distant AM fungi, Glomus intraradices and Glomus claroideum. In these AM fungi, effects on spore germination were examined because hyphal branching was difficult to assess because of its thin, multiple germ tubes. SLs were shown to not only induce hyphal branching but also to activate mitochondrial function and spore germination (13) (14) (15) , inducing rapid changes in shape, density, and motility of mitochondria one hour after treatment. GR24 treatment caused an increase in NADH concentrations, NADH dehydrogenase activity, and ATP content of G. rosea cells within minutes, indicating strong and rapid enhancement of energy metabolism in the fungal mitochondria when exposed to SLs. This early mitochondrial response occurred without new gene expression or upregulation of the genes involved in mitochondrial metabolism, and hyphal branching and cell proliferation were observed five days after treatment (13) . Therefore, SLs appear to trigger a cascade of molecular and cellular events necessary for hyphae to become infective, and the first rapid phase of these events is under posttranscriptional regulation. In addition, production of SLs is induced by phosphate starvation (72, 144, 147) . These results clearly indicate that SLs are essential signaling molecules in establishing the AM fungi-plant symbiosis.
For successful root colonization by AM fungi, the fungi release Myc factors, which induce molecular and cellular responses in host plants (58, 91) . Unfortunately, the molecular identity of Myc factors and Myc factor-related signaling pathways still remains elusive. Furthermore, it is not clear if SLs influence later stages in the AM fungi-plant symbiosis.
Symbiosis and Parasitism
Both root holoparasitic plants and AM fungi are obligate heterotrophs and are incapable of completing their life cycles without connecting to and residing within their host roots. Because the symbiosis between AM fungi and plants evolved 460 mya and more than 80% of land plants form symbiotic relationships with AM fungi, SL production is thought to have evolved concomitantly with symbiosis (2, 3, 22) . The root parasitic plants, which evolved later, may then have developed a detection system for SLs as cues to find living host roots in their vicinity.
In the rhizobium-legume symbiosis, flavonoids and other signaling compounds released by the legume roots activate nodulation (nod ) genes of rhizobium (70, 97, 102) . The products of these bacterial genes, Nod factors, are then released by rhizobium and induce morphological changes in host roots in preparation for nodule formation (126) . These chemical communications are very similar to those in AM fungi-plant symbiosis, where plants and fungi release BFs and Myc factors, respectively. Indeed, rhizobial nodulation and mycorrhizal colonization share common genetic pathways. For example, loss of function mutation of HAR1, a CLAVATA1-like kinase mediating autoregulation of nodulation in L. japonicus, resulted in a hypernodulation with excessive infection by rhizobia (59, 94) and is also hyperinfected by AM fungi (116) . In addition, it is intriguing to note that nodulation, mycorrhizal colonization, and infection by root parasites appear to be modulated by similar mechanisms. The har1 mutant is also a better host for rootknot nematodes (69) and for the root parasitic weed P. aegyptiaca (60) . Altered patterns in interactions between Orobanche crenata and symbiotic mutants of Medicago truncatula and P. sativum suggest that parasitic plant infection is controlled by both the conserved symbiotic pathway that mediates symbiont recognition and the establishment and autoregulation mechanisms that regulate the extent of colonization by rhizobia and AM fungi (40) .
Root exudates from mycorrhizal (AMcolonized) cowpea, which is a host for S. gesnerioides, induce lower levels of seed germination of S. gesnerioides and Striga hermonthica when compared with root exudates from non-mycorrhizal plants (61) . Similarly, mycorrhizal sorghum and maize plants are less susceptible to infection by Striga spp. (62) . Because the root exudates from mycorrhizal plants did not contain germination inhibitors, the lower seed germination and the reduced susceptibility of these plants to Striga may be due in part to the reduction in SL production and exudation (43, 62) . By contrast, root exudates of rhizobial pea plants appeared to contain germination inhibitors (76) . Rhizobium inoculation in pea induced an accumulation of phenolic compounds and flavonoids that are inhibitory to parasite seed germination (75) . These results indicate that promoting colonization by AM fungi and rhizobia can result in reduced infection by root parasitic weeds. However, SLs may also affect other soil microorganisms, both beneficial and pathogenic, and thus their biological significance in the rhizosphere requires further study (43, 80) .
STRIGOLACTONES AS A NOVEL CLASS OF PLANT HORMONES INHIBITING SHOOT BRANCHING
SLs are essential host recognition signals for AM fungi, with which the majority of land plants form symbiotic associations. However, nonhosts of AM fungi such as Arabidopsis (which is a host for Orobanche and Phelipanche spp.) and white lupin have also been shown to produce SLs, suggesting that SLs have other unknown functions in plants, perhaps in normal growth and development. Recently, two groups independently identified SLs, or their further metabolites, as a novel class of hormones regulating shoot branching (46, 128) . Excellent reviews on the discovery of hormonal functions of SLs have been published (18, 19, 33, 63, 64) .
Apical Dominance and Shoot Branching
The aerial plant architecture of aboveground shoots is determined by the pattern of shoot branching. Shoot branching begins with the generation of axillary buds in the axil of leaves. Axillary buds thus formed often become dormant until they are released from dormancy to form branches. Although the fate of axillary buds is determined primarily by genetics, plants are able to modify the behavior of axillary buds in response to changes in their environment (82, 132) . For example, removal of shoot tips (decapitation) promotes bud outgrowth, and this can be inhibited by auxin treatment (125) . The shoot tips are sources of auxin, which then moves basipetally down the stem. Because exogenous application of auxin inhibits bud outgrowth when applied to the decapitated stump, this leads to the conclusion that auxin is likely to be directly involved in the inhibition of bud outgrowth and thus in maintaining apical dominance. However, studies with two-branched pea and bean systems indicated the presence of an upward moving inhibitory signal (115) . Furthermore, radiolabeled auxin applied to the stump of decapitated primary shoots inhibited axillary bud outgrowth without accumulation of radiolabel in the bud (21, 99) . These results ruled out direct involvement of auxin in the inhibition of bud outgrowth.
Cytokinin was suggested as the upward moving signal produced in roots. Indeed, cytokinin strongly activates axillary bud outgrowth (106) and auxin downregulates cytokinin biosynthetic genes (124) . Furthermore, decapitation of shoot tips induces cytokinin biosynthesis. However, cytokinin, which promotes axillary bud outgrowth after decapitation, is synthesized locally in the nodal stem rather than in (110) . Therefore, although both auxin and cytokinin appear to play important roles in regulation of shoot branching, the involvement of another signaling molecule, a long distance second messenger of auxin, has been postulated (16, 20) .
During the past decade, a series of mutants with increased shoot branching, in which known hormones, including cytokinin, were not responsible for the bud outgrowth, were found in various plant species. These are decreased apical dominance1 (dad1) in petunia (Petunia hybrida), ramosus1 (rms1) to rms5 in pea (P. sativum), more axillary growth1-4 (max1-4) in Arabidopsis (Arabidopsis thaliana), and dwarf and high tillering dwarf (d/htd ) in rice (O. sativa) (18, 19, 33, 63, 64) . Extensive physiological and grafting experiments revealed that these mutants were deficient in the synthesis or signaling of the long distance, branch-inhibiting signal, a novel hormone. This hormone is synthesized in both roots and stem and transported upward in xylem (17) .
Cloning of the respective genes responsible for mutant phenotypes identified functions of their gene products. RMS5/MAX3/D17(HTD1 ) and RMS1/MAX4/ D10/DAD1 encode carotenoid cleavage dioxygenase (CCD)7 and CCD8, respectively. MAX1 in Arabidopsis encodes a cytochrome P450, CYP711A1. RMS4/MAX2/D3 encodes an F-box protein and is involved in signal perception. These results clearly demonstrate that the putative branch-inhibiting hormone is synthesized from carotenoids by sequential cleavages involving the two CCDs and the subsequent oxidation by a P450, at least in Arabidopsis (Figure 6a) .
Although some important genes that are involved in the biosynthesis and perception of the branch-inhibiting hormone were elucidated, it took more than a decade before the b a
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( proposed a biosynthetic pathway for SLs, in particular the part of the pathway concerned with synthesis of the ABC portion (100). It is still not clear how the D ring is produced and coupled to the ABC part. Alternatively, the SL structure might be formed directly from a C 19 or C 20 precursor.
Given that the branch-inhibiting hormone is also derived from carotenoids, SL was one of the most probable candidates for this hormone. Indeed, the ccd8 mutants of pea (rms1) and rice (d10) did not produce detectable levels of SLs, and in addition their excessive branching phenotypes could be rescued by the application of the synthetic SL GR24 (Figure 6b) (46, 128) . By contrast, GR24 application did not affect phenotypes of rms4 and d3, mutants of signal perception. Consequently, the third function of SLs as a novel class of plant hormones inhibiting shoot branching has been revealed. In addition, these studies with mutants have confirmed that SLs are derived from carotenoids in plants. However, other enzymes involved in the biosynthetic pathway and the pathway intermediates are largely unknown.
Two additional genes D27 and D14 were identified in rice (Figure 6a) . D27 encodes a novel iron-containing protein localized in chloroplasts with unknown function that is also involved in the SL biosynthetic pathway (65) . D14/D88/HTD2 encodes a protein of the α/β-hydrolase superfamily that includes GID1, the receptor for the plant hormone gibberellin (GA) (5, 42, 67) . This may suggest a similarity in the perception and signal transduction systems between GAs and SLs (19, 127) .
Recently, tomato CCD7 (SlCCD7) was cloned and its function confirmed (131) . Tomato plants expressing an SlCCD7 antisense construct showed excessive shoot branching, although no major changes in metabolites were observed except for a significant reduction in SL exudation. Because there were no significant changes in root carotenoids, only a small amount of carotenoid precursor seemed to be required to produce SLs needed for shoot-branching regulation. The highest level of SlCCD7 expression was observed in immature green fruits, suggesting the involvement of SLs in seed development or fruit ripening. SLs were also detected in cucumber fruits (X. Xie, unpublished data).
In Arabidopsis, BRANCHED1 (BRC1) encoding a TCP transcription factor closely related to TEOSINTE BRANCHED1 (TB1) from maize is suggested to act downstream of auxin and SL (33) .
Possible Additional Functions of Strigolactones
After identification of SLs as a novel class of plant hormones, extensive efforts have been devoted to examining their effects on plant growth and development. In most of these studies, the synthetic SL GR24 has been used as an active SL. SLs were already reported to promote seed germination of some crops and weeds (96). Koltai et al. recently suggested that SLs may interfere with the inhibitory activity of exogenously applied auxin on root growth through their effects on auxin-efflux carriers (56) . In addition, SLs have been suggested to be involved www.annualreviews.org • The Strigolactone Storyin the rhizobium-legume interaction because GR24 treatment promoted nodulation in alfalfa (M. sativa) inoculated with Sinorhizobium melioloti (117) . Additional functions and effects of SLs are likely to be identified, as more plant scientists are now involved in SL research.
STRUCTURAL FEATURES FOR BIOLOGICAL ACTIVITIES
Seed Germination Activity
Extensive studies on structure-activity relationship (SAR) of SLs were conducted on stimulation of germination of the seed of root parasitic weeds, and the C-D ring moiety has been identified as the essential structure for germination stimulation activity (79, 148) . Indeed, natural and synthetic SLs carrying this moiety have moderate to potent germination activity. Hydrolysis of this structure in the synthetic SL GR24 affording the ABC part and the D-ring moiety resulted in a complete loss of germination activity (148) .
Other parts of the SL structure also influence germination activity. In particular, the presence of the 4-hydroxyl group seems to enhance activity (136) . In general, hydroxy-SLs are 10-fold to 100-fold more active than their acetates (and probably other conjugates) (108, 140) , and SLs carrying two or more hydroxyl groups, for example, 7-hydroxyorobanchol, appear to be only weakly active in in vitro germination assays, presumably because of their instability (X. Xie, unpublished data). These results, however, do not exclude the involvement of the compounds in germination stimulation; these or further metabolites might be the true active form(s).
The C-2 -(R) stereochemistry has repeatedly been reported to be another important structural feature for potent activity (78, 121) . This is true for strigol, sorgolactone, and GR24. However, 2 -epiorobanchol is slightly more active than orobanchol on seed germination of O. minor and P. ramosa (Orobanche ramosa) (136) . The presence of a 4α-hydroxyl group appears to enhance the activity, in particular in 2 -epi-SLs. Indeed, solanacol, 4α-hydroxy-7,8-dimethyl-GR24, is far more active than GR24, whereas the introduction of a methyl group at C-6 or C-8 did not affect the germination stimulation activity (134) .
Germination stimulation activity of SLs on one parasitic plant species may be different from that on the other species. For example, under laboratory conditions, sorgomol, originally isolated from sorghum root exudates, is more active on Striga spp. than on Orobanche spp. (139) .
Hyphal Branching Activity
The natural SLs that have been identified so far have been examined for their activity on hyphal branching in the AM fungus G. margarita, and all the examined natural SLs were found to be active as branching factors. Although structural requirements for activity are very similar to those for germination stimulation of root parasites, some noticeable differences have been observed. For example, 3,6 -dihydro-GR24 (Figure 4) was totally inactive as a germination stimulant but still showed distinct activity on hyphal branching (K. Akiyama, unpublished data).
Shoot-Branching Inhibition
Both natural and synthetic SLs have been examined for their effects on shoot branching, mainly in rice plants (128) . However, because the duration of the treatment period is long and relatively large amounts of samples are required for the shoot-branching bioassay, only a few natural SLs have been tested at present. Therefore, the structural requirements for shoot-branching inhibition are not yet well understood. Nevertheless, all the natural and synthetic SLs examined so far, e.g., strigol, 5-deoxystrigol, and GR24, were active in bioassays for shoot-branching inhibition. Therefore, it is likely that other natural and synthetic SLs that induce parasite seed germination also inhibit shoot branching. Rapid and sensitive bioassays need to be developed in order to further clarify the bioactive form(s) of this hormone.
Strigolactones and Host Specificity
Plants produce mixtures of SLs and release them into the rhizosphere. However, these compounds are unstable in soil, and therefore root parasite seeds and AM fungi are exposed to SLs only when they are located close to a living root. In addition, both seed germination of parasites and hyphal branching of AM fungi are often reduced in the vicinity of nonhost roots. This indicates that not only SLs but also other signaling chemicals, which are synergistic or antagonistic to SL action, are involved in the seed germination of root parasitic plants and in hyphal branching of AM fungi. Indeed, both synergistic and antagonistic interactions on seed germination activity were observed with mixtures of two SLs (M. Fernández-Aparicio, unpublished data). In addition, interactions among SLs and other plant hormones are likely to influence biological responses in plants.
The compositions and relative ratios of individual SLs in mixtures in root exudates may differ among plant species and even among cultivars within the same species (6). Furthermore, growth conditions, including temperature, moisture, light regime, and nutrient availability, and also growth stage appear to influence production and exudation of SLs (see below). Host selection by root parasitic plants may be related to these qualitative and quantitative differences in SL mixtures. Natural SLs contain the same C-D ring structure and various substituents on the A and B rings. Therefore, root parasitic plants with strict host specificities (including many wild, nonweedy species) may be able to detect these structural differences (39) . By contrast, AM fungi, which are presumed to be the original users of SLs, may not differentiate these structural differences, as AM fungi form symbiotic associations with the majority of land plants and thus respond positively to the various mixtures of SLs.
Knowledge regarding biological activities of SLs is so far mostly based on in vitro experiments. In the rhizosphere, less stable hydroxySLs, such as orobanchol and strigol, may decompose more rapidly than 5-deoxystrigol and sorgolactone. However, the instability of these SLs does not eliminate their participation in the induction of parasite seed germination and hyphal branching because young growing roots seem to release these molecules continuously (108, 136) . In this way, even less stable SLs can induce seed germination and hyphal branching when the parasite seeds and AM fungi are in close proximity to the roots.
REGULATION OF STRIGOLACTONE PRODUCTION
Environmental conditions affect production and/or exudation of SLs. In particular, nutrient deficiencies have profound effects on SL exudation. For example, root exudates from plants grown under phosphate starvation were found to be more active in hyphal branching than those from plants with sufficient phosphate supply (89) . Increased soil phosphate levels resulted in a decreased AM colonization of the roots (114) . Moreover, root parasitic weeds generally prevail on nutrient-deficient soils, and fertilizer application could suppress their emergence (118) .
In the case of red clover (T. pratense), a host of O. minor, a reduced supply of phosphate, but not of nitrogen, potassium, calcium, or magnesium, significantly promoted the exudation of both orobanchol and orobanchyl acetate (147) . The remarkable (more than 100-fold) increase in germination stimulation activity of root exudates from plants grown under phosphate-limiting conditions was in good agreement with the increase in SL levels. When the plants were transferred to media containing sufficient amounts of phosphate, SL exudation dropped within 24 h. A similar promotive effect of phosphate starvation on SL production was observed in tomato (72) .
Under phosphate starvation neither the expression of LeNCED1 in tomato (71, 73) nor the expression of D10 in rice were upregulated (S. Yamaguchi & K. Yoneyama, unpublished www.annualreviews.org • The Strigolactone Storydata). These results suggest that the observed increase in SL production under nutrient starvation might be regulated posttranscriptionally.
By contrast, in sorghum (S. bicolor), not only phosphate deficiency but also nitrogen deficiency enhanced SL exudation, in this case of 5-deoxystrigol and sorgomol (144) . However, when sorghum plants were subjected to both nitrogen and phosphate deficiency, exudation of 5-deoxystrigol increased only slightly. Nitrogen or phosphate deficiency also increased 5-deoxystrigol contents in sorghum root tissues, comparable to the increase in root exudates, indicating that availability of nitrogen and phosphate directly influences the production rather than the secretion of SLs, and that SLs, once produced in the roots, appear to be secreted rapidly. Unlike the situation in the roots, neither nitrogen nor phosphate deficiency affected the contents of 5-deoxystrigol in sorghum shoots, and it is not clear whether the SLs that are detected in the shoots are locally synthesized or transferred from the roots.
Similar effects of nitrogen and phosphate deficiencies were also observed with other mycotrophic plant species. In general, in nodulating leguminous plants, SL production is promoted only under phosphate deficiency, whereas in other mycotrophic plants it also occurs under nitrogen deficiency (K. Yoneyama, unpublished data). Therefore, nonleguminous mycotrophic plants such as sorghum may depend on AM symbionts for the supply of both nitrogen and phosphate. By contrast, in nonmycotrophic plants such as white lupin (L. albus) and spinach (Spinacea oleracea), although they do exude SLs at low levels as compared with mycotrophic plants, nutrient deficiencies hardly affect SL exudation (K. Yoneyama, unpublished data).
It may be an adaptive strategy of plants to regulate SL production in response to the changes in the environmental conditions. Under nutrient starvation, plants increase SL production and so minimize excessive shoot branching and also promote AM colonization (46, 128) . Unfortunately, parasitic plants exploit the signal released for AM fungi.
Other environmental factors may also influence production of SLs directly and indirectly. For example, Weerasuriya et al. have shown that much greater stimulant activity on Striga seeds was detected in plants grown under a short-day regime (133) . However, this might be an indirect effect through the modification of endogenous levels of other hormones, such as GAs, auxin, cytokinin, and ABA.
STRIGOLACTONE ANALOGS AND BIOSYNTHETIC INHIBITORS FOR PLANT PROTECTION
As mentioned above, SL exudation, which plays a role in symbiotic relations with AM fungi, is exploited by parasitic plants as a chemical signal that facilitates parasitism by accurately timing germination depending on the occurrence of a potential host nearby. The manipulation of these signals may therefore provide a means to reduce infection by these parasites in agricultural fields (51) . Synthetic analogs and biosynthetic inhibitors of SLs were suggested as potential tools for parasitic weed control, in addition to the regulation of plant aerial part architecture and promotion of AM symbiosis.
Furthermore, synthetic analogs and biosynthetic inhibitors are excellent tools to dissect the mode of action of SLs, as well as their biosynthesis, perception, signaling, and metabolism.
Synthetic Analogs of Strigolactones
It may be possible to design specific SLs or related compounds that are active only on one or two of the three biological systems: parasite seed germination, AM fungi hyphal branching, and inhibition of shoot branching. This would be possible once there are distinct differences in structural requirements for the three biological activities.
In addition to the standard SL, GR24, GR7, and GR5 (Figure 4) , which carry the essential C-D ring moiety, have also been developed as germination stimulants, although these molecules are less active in parasite seed germination (54, 55) . Zwanenburg and his colleagues at Nijmegen University have developed Nijmegen-1, which is a less active germination stimulant in vitro but is more stable in the soil than GR24 (92) . Sasaki and his colleagues at Kobe University have modified the structure of GR24 and developed imino analogs with promising activity (57) . So far, although the effects of these molecules on hyphal branching in AM fungi and on shoot branching have not yet been described, these compounds may serve as good leads for the development of new synthetic plant growth regulators (PGRs).
Biosynthetic Inhibitors
An alternative approach to new PGRs would be the molecular design of biosynthetic inhibitors. SLs are derived from carotenoids and therefore fluridone and norflurazon, herbicides inhibiting carotenoid biosynthesis (inhibitors of phytoene desaturase), could reduce SL production (81) . Because these compounds are herbicidal, it is preferable to develop compounds that inhibit the later steps of the SL biosynthetic pathway, for example, inhibitors of CCD7, CCD8, and/or MAX1. Hydroxamic acid-type CCD inhibitors affecting SL production have recently been reported (Figure 4) (109) . These inhibitors induce a branching phenotype in Arabidopsis that is similar to that of ccd7/8 mutants.
Perspective
In order to establish an affordable management strategy for root parasitic weeds, we must take into consideration the fact that SLs are host recognition signals not only for parasitism but also for beneficial symbiosis, and that they also function as plant hormones involved in the regulation of shoot branching in plants.
Therefore, further studies are needed to clarify why and how plants produce so many different SLs, how each SL contributes to host recognition by root parasites and by AM fungi, and to the regulation of aerial plant architecture.
SUMMARY POINTS
1. SLs have three distinct biological activities: induction of seed germination of root parasitic plants, induction of hyphal branching of AM fungi, and inhibition of shoot branching in plants.
2. SLs are derived from carotenoids through a sequential oxidative cleavage and subsequent oxidations.
3. Plants regulate production and exudation of SLs in response to changes in their environments.
4. Plants under nutrient starvation produce more SLs to minimize excessive shoot branching and to promote root colonization by AM fungi.
5. Root parasitic plants exploit the signals released for AM fungi to locate their host roots.
FUTURE ISSUES
1. The precise identity of the active compounds, which directly act as branch-inhibiting hormones, remains unclear. Do the SLs themselves act as branch-inhibiting hormones, or perhaps their metabolites? And in the case that SL metabolites directly act as hormones, what is the biochemical pathway that releases these metabolites?
2. The knowledge of genes and their products, which are involved in SL biosynthesis is still very limited. This is also true regarding the genes that are involved in perception and signaling of SLs. Clarification of these key issues, together with information on their regulation, will enhance our ability to manipulate shoot branching.
3. SLs, which are exuded by plant roots, serve as branching factors for beneficial AM symbionts but at the same time also trigger the germination of root parasites. So far there is no knowledge on whether there is a possibility to manipulate SL biosynthesis, metabolism, and exudation in a way that will avoid or inhibit the germination of root parasitic weeds without jeopardizing AM symbiosis.
4. In addition to SLs, several other plant hormones also affect shoot branching, AM symbiosis, and parasite seed germination. However, the interaction between SLs and other hormones both in the plant tissues and in the rhizosphere still needs to be clarified. 
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